Aluminum nitride films were deposited by varying the voltages of argon ion beams from 400 to 1200 V in dual ion beam sputtering. The crystal structure, microstructure, and elemental distributions of the aluminum nitride films were analyzed by x-ray diffraction, field emission scanning electron microscopy, and secondary ion mass spectroscopy, respectively. The aluminum nitride films exhibited the 〈002〉 preferred orientation at an optimal ion beam voltage of 800 V. The orientation changed to a mixture of {100} and {002} planes above 800 V, accounting for radiation damage. The thickness of the film increases with increasing ion beam voltage, reaching a steady state value of 210 nm at an ion beam voltage of 1200 V. Under optimal condition (800 V), the c-axis orientation of the aluminum nitride 〈002〉 film was obtained with a dense and high-quality crystal structure.
I. INTRODUCTION
Aluminum nitride (AlN) is a III-V semiconductor compound with a hexagonal wurtzite crystal lattice structure and is a promising material for use in microelectronics packaging owing to its high thermal conductivity, a moderate dielectric constant and a thermal expansion coefficient that matches that of silicon. [1] [2] [3] Additionally, caxis-oriented AlN thin films have potential applications in high-frequency surface-acoustic-wave devices because they have a large electromechanical coupling constant and high acoustic velocity. 4 AlN films are grown by chemical vapor deposition, 5, 6 reactive sputtering deposition, 7 plasma-assisted molecularbeam epitaxy, 8 laser ablation deposition, 9 and ion-beamassisted deposition. 2, 10 Dual ion beam sputtering (DIBS) uses metallic or compound targets to produce a sputterdeposited film, while the growing film is concurrently bombarded during deposition with a second ion beam. 10, 11 The bombardment process can strongly modify the structural and chemical properties of the resulting film and the incident particles may also become part of the growing film during deposition. Although the variation of reactive nitrogen ion-beam energy/voltage in the DIBS technique has been investigated, 10, 11 the variation of argon ion-beam energy has rarely been examined.
In this study, the properties of AlN films deposited using a DIBS system, an aluminum target with an inert argon ion-beam and reactive nitrogen ions for bombarding the growing film were examined by x-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), and secondary-ion mass spectrometry (SIMS). This study investigates the effect of various ion beam voltages used to bombard the aluminum target on the crystal structure and check the orientation of the AlN films.
II. EXPERIMENTAL DETAILS

A. Film deposition
The AlN film was prepared on a p-type (100) Si wafer (Toshiba Ceramics Co., Ltd., Japan) in a DIBS system, schemati-cally shown in Fig. 1 . The system was equipped with two ion sources. The argon gas (purity 99.995%) was fed into a Kaufmann-type ion gun (Commonwealth Scientific Corporation, Alexandria, VA), which was operated at 400-1200 V and 7 mA with a current density of 1 mA/cm 2 . The ionized argon ions sputtered the aluminum target (99.999% purity) to generate the aluminum atoms. The nitrogen gas (purity 99.995%) was passed through a Mark I gridless end-Hall ion gun (Commonwealth Scientific Corporation, Alexandria, VA), and the typical ratio of the ionized nitrogen/neutral nitrogen was 15-25%. The operating voltage and current were 130 V and 0.5 mA, respectively, with a corresponding energy of 80 eV. The chamber was pumped down to a base pressure of 2 × 10 −6 Torr prior to deposition, before the chamber pressure was raised to 6 × 10 −4 Torr when the reactive gases were presenting, which were presenting a controlled flow ratio of Ar/N 2 ‫ס‬ 1/3, such as at 3 sccm for Ar and 10 sccm for N 2 . The substrates were heated to 450°C during the deposition for 90 min. The Si substrate was sputtered clean using an end-Hall ion gun before the AlN films were deposited.
B. Characterization
The crystal structure and the preferred orientation of the AlN films on Si substrates were characterized by XRD. A Mac Science MXP3 (Japan) diffractometer using Cu K ␣ radiation ( ‫ס‬ 0.154 nm) with a collection interval of 0.02°/2 was used. The texture coefficient of AlN 〈002〉 determined from the diffraction spectra, was defined as
where I is the integrated intensity of the corresponding Bragg peak. The surface and cross sectional morphology were observed using FESEM (Hitachi S-4100, Japan) operated at 10 kV. The elemental depth profile of aluminum, nitrogen, oxygen and silicon in AlN films were analyzed using the SIMS technique. A Cameca IMS-4f (France) secondary ion mass spectrometer with a Cs 
III. RESULTS AND DISCUSSION
A. Crystallographic analysis
Figure 2(a) shows the XRD pattern of AlN films prepared on an Si (100) substrate at various ion beam voltages, matching the results of the JCPDS File. 12 No AlN diffraction peak was found when the argon ion beam voltage was less than 400 V. For voltages from 600 to 1200 V, the AlN {100} and {002} planes were both evident in the XRD pattern. Notably, the {101} plane also contributed to the strong peak at 800 V. Nevertheless, the diffraction peaks, showing pronounced broadening revealed the fine grain structure and/or residual stress in the AlN film. Moreover, the film had a 〈002〉 preferential orientation at 800 V might be due to the residual compressive stress in the film at 800 V is much than those of 100 and 1200 V. Lower ion beam energies result in non-reactive energetic ions or neutral atoms' bombarding a growing film and transferring momentum. Therefore, the mobility of ions and/or atoms deposited on the substrate is low and results in poor crystallites of the AlN film. The simultaneous use of moderate ion beam energy enhances crystallization. The films again exhibit a dominant {002} plane because this plane is the closest packing plane and has low-energy the hexagonal structure. 7 However, when the ion beam energy is too high, radiation damage 13, 14 can lead to disordering, and energetic ions and/or AlN particles impinge on the film's surface, their momentum to the {002} planes making them less densely packed, like the {100} plane whose c axis is parallel to the substrate. Restated, the film's structure changes from oriented (as the {002} plane is) to randomized (as a mixture of {100} and {002} planes are) since the crystallites are agitated by the kinetic energy of the ions and particles. Moreover, the ion beam energy is proportional to the ion beam voltage when the other process parameters are fixed. A moderate ion beam voltage, such as 800 V enhances the 〈002〉 preferred orientation and changes to a mixture of {100} and {002} planes because increasing the ion beam voltage (above 800 V for example) causes radiation damage. Figure 3 shows the cross-sectional SEM micrographs of the AlN films prepared at various ion beam voltages. The film grown at 800 V has a columnar structure. the ion beam voltage. When the ion beam energy is low, the less energetic aluminum atoms are sputtered from the target. Therefore, the deposition rate is low so the film is thin at low ion beam energy. The film thickness increases with the increasing ion beam voltage. However, the slope of the curve whose ion beam voltages less than 800 V is greater than those of the curves obtained at voltages of 800-1200 V, which indicate a steady state. The film thickness reaches a maximum of ∼210 nm at ∼1200 V (Fig. 4) . Re-sputtering causes the input kinetic energy and momentum to be so high that the deposited material is again vaporized by sputtering, reducing the growth velocity and the final thickness of the film. 13, 14 As steady state of growth continues when the ion impingement rate equals the sputtering rate. Figure 5 shows elemental depth profiles of aluminum, nitrogen, oxygen, and silicon versus sputtering time, prepared at various argon ion beam voltages. The depth profile of aluminum and nitrogen with the silicon signal background reveals that the concentration in the AlN films over argon ion beam voltages from 600 to 1200 V is uniform. Moreover, the interface between the AlN films and the Si substrate was observed after sputtering times of 250 s at 600 V, 550 s at 800 V, and 600 s at both 1000 and 1200 V. The change in the sputtering time with the interface is consistent with the cross-sectional FESEM micrographs, shown in Fig. 4 in the chamber. The silicon and oxygen signals abruptly peaked at the interface between the films and the substrate, mainly because of the native oxide of the silicon wafer. Further work in this are is required.
B. Morphology
C. Elemental distributions
Additionally, x-ray photoelectron spectroscopy (XPS) was used to investigate Al-2p 3/2 , N-1s, and O-1s of AlN films prepared at 600-1200 V. The spectra reveal that the Al-2p 3/2 and N-1s are centered at 74.2 and 397.4 eV, consistent with results for AlN films. 15 Furthermore, the weakness of the oxygen peaks spectra at approximately 532.0 eV are attributed to the adsorbed water. The SIMS and XPS results reveal that high-quality AlN films were prepared.
IV. CONCLUSIONS
AlN films were successfully deposited on a silicon wafer using a DIBS system at argon ion beam voltages of 600-1200 V. The characterizations of their crystal structure by XRD, of the microstructure by FESEM, and of the elemental concentration profiles by SIMS lead to the following conclusions.
(1) AlN films exhabit a preferred orientation of the c-axis 〈002〉 plane and exist as columnar structures, when formed at an optimal ion beam voltage of 800 V. The changes to a mixture of 〈100〉 and 〈002〉 planes account for the radiation damage where the ion beam voltage exceeds 800 V.
(2) The thickness of AlN films increases with the ion beam voltage and approaches a steady value of 210 nm at approximately 1200 V.
(3) The concentrations of aluminum and nitrogen, with the silicon background, was examined by SIMS, revealing that excellent uniformity is obtained over argon ion beam voltages from 600 to 1200 V. The trend in the interface position is also consistent with the FESEM observations.
